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Itwasexperimentallydeterminedthattheliquidboricoxideparticles-“
leavinga jet-enginecombustorthatisburninga boron-containingfuelwill~
havediemetersof1%10-5to 2.0X10-5centimeter.Forthissizerangethe .I

particledragcoefficientandheat-transfercoefficientareessentially/
infinite.Theseresultsmaybe appliedto anyboron-contatiingfuel. !

A studyofboricoxidedepositionmechanismsisincludedandsugges-
tionsfordecreasingdepositionratesgiven.

INI!IIODUCTIOli

Boronhydridesarebeingtestedasaircrsftfuelsbecausetheirheat-
ingvaluesareas?mchas 65percenthigherthanthoseofhydrocarbons.
Theydifferfromconventionalfuelsinthat,attheusualjet-engineop-
eratingtemperatures,oneofthecotiustionproducts,boricoxide(B203)~
appearsasa viscousliquid.Theliquidboricoxidecanproduce~erform-
ancelossesby collectingon criticalenginesurfacesand‘lspoilingl*the
flowofcouibustiongases.

In orderto calculatetheperformanceoftheboronfuels,itisnec-
essaryto knowthegrowthrateoftheliquidparticlesintheex@ust -

gases(ref.1}. Whentheparticlediameterislessthan2.2X10-6centi-
meter,3 percentormoreoftheheatofvaporizationisintheformof
surfaceenergy.Whentheparticleconsistsofa singlemolecule,the
entireheatofvaporization(1994Btu/lb,ref.2)appearsasthissur-
faceenergyandisnottransferredto thegasstream.However,ifthe
particlediameterexceeds3X10-4centtieters,theentireheatofvapori-. zationoftheboricoxidethatwaspreviouslyheldby thesurfaceener~
ofthePrticlesisabsorbedby theworkingfluid,buttheparticlesare
solargethattheyceasetobe intemperatureandvelocityequilibrium
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withthegasstream.Reference1 showsthatforpentaboranefuel(B5~)
ata flightMachnumberof3.25anda combustiontemperatureof 2200°R
a maximumtheoreticalgainof250secondsinengineimpulseisattain-
ableiftheliquidboricoxideparticlesareintherangeof infinite
dragandinfiniteheattransfer(diameterslessthan3X10-4cm). There-
fore,itwouldbe desirablefortheparticlediameterstofallbetween
2.2x10-6and3X10-4centimeterwherelessthan3 percentofthelatent
heatofvaporizationisheldbysurfaceenergyandtheparticleshave
essentiallyinfinitedragcoefficientandheat-transfercoefficient.

Additionallossescanoccurwhentheliquidboricoxidedepositson
enginesurfaces.H thesurfacetemperatureisbelowthefreezingpoint
ofboricoxide,largeobstructionstoflowmayresult.Themannerin
whichboricoxidedepositsandthetechniquesforreducingdeposition
ratesarestronglydependentonparticlesize.

Observationsprevioustothistime(ref.3)haveindicatedthatthe
liquidboricoxideis intheformofverysmallsphericaldropletsthat
growinvolumeasa functionoftime. Theseobservationswerepurely
qualitative,however,andno accurateestimateoftheparticlesizeor
rateof growthwasmade.AlongWiththeseveryscantexperimentalob-
servations,anattempt(ref.3)wasmadeto correlatethegrowthofliq-
uidboricoxideparticleswithsomeoftheparametersina previoustheo-
reticalwork-onthecoagulationof colloidsby Smoluchowski(ref.4).
Inadditiontothis,a nurtiberoftheoreticalandexperimentalpapershave
beenpublishedonthecoagulationofaerosols,butthesesystemsdonot
simulatetheparticlegrowthprocessina jet-enginecombustor.

Becauseofthestatusofthisfieldofparticlegrowth,an experi-
mentalandtheoreticalstudyofparticlegrowthwasinitiatedattheNACA
Lewislaboratory.Thetwospecificobjectivesofthisprogramwere:
(1)establishmentofparticlesizesothataccuratequantitativevalues
ofperformanceparametersforboronfuelscanbe calculated;and(2)de-
terminationofsizeandmotionofliquidboricoxideparticlessothat
themechanismofdepositioncanbe betterunderstood.

Therangeofvariablesconsideredinthisinvestigationwasrepre-
sentativeofturbojet-engineoperatingconditions:pressure,1 to 1.5
atmospheres;inlettemperature,580°R; outlettemperature,1260°to
2260°R; andparticlegrowthtime,2.5to 30.0milliseconds.Inallcases
thecombustoroutlettemperaturewasat least18W0 R lowerthanthe
saturationtemperatureoftheliquidboricoxide.Theboricoxidevapor-
pressure

The
equation
tionwas

dataaretakenfromreference5.

theoreticalworktooktheformofa generalparticlegrowth
basedon statisticalcollisionsbetweenparticles.Thisequa-
thenappliedtothetwoparticlesizerangesof interest:

&–z,-----..-,..,.-
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(1)particlediameterslessthan2.2X10-6centimeter,whereconsiderable
energyisintheformofsuxfaceenergy;and(2)particlediametersgreater
than2.2xlo-6centimeter,wherenegligibleenerggis-intheformof surface
energy.

Theexperimentalprogrsmwasperformedina 4-inchcomected-pipe
facilityusingpentaborane(B5~) fuel.At a predeterminedstationdown-
streamofthefuelinjector,a portionoftheexhaustgasentereda sam-
plingprobe,whereitwasrapidlyquenchedwithliquidnitrogento a tem-
peraturewellbelowthefreezingtemperatureofboricoxide.Thenow
solidboricoxidepsrticleswerecollectedandanalyzedforsize,shape,
andcomposition.

To showtheapplicabilityoftheresultsobtainedinthe4-inch
connected-pipefacilitytoturbojetengineapplications,a singbtest
wasconductedusingthesingleJ47combustorofreference6.

Theresultsofboththetheoreticalandexperimentalprogramare
reportedherein.

SYMBOI.S

Thefollowingsymbolsexeusedinthisreport:

A

c

CP

D

E

f/a

(f/a)*

K

k

k’

1

M

area,sqcm

concentration,

spectiicheat,

diameter,cm

energy,ergs

fiuel-airratio

stoichiometric

g/cc

cal/(g)(%)

fuel-airratio

diffusioncoefficient,sq cm/sec

constantdefinedby equation(22)

constantdefinedby equation(14)

length,cm

molecularweight,g/mole

—— ——.—



massofmaterialdiffused,g/see

Avogadrorsnumber,6.02X1023

nmber ofcollisions

totalnuuiberofparticles

numberofmoles

nmber ofpmticlesper

numberofparticlesper

pressure,dymes/sqcm

universalgasconstamt,

unit volumeofgas

unitmassofparticles

@e-cm/(mole)(%)

absolutetemperature,%

velocity,cm/sec

volume,cc

mass,g

molef=ction

weightfraction

diffusionboundary-layerthickness,cm

latentheatofvaporization,cal/g

molecularveloci@,cm/sec

density,g/cc

surfacetension,dyne/cm

time,sec

equivalenceratio,dimensicmless

Subscripts:

F flame

k,:.,.- -,.a-- --,..,. -.
., .,’, “,’, . -’.,-..,-...-..__c_&& .--—’L-...Lu..-.

%

.- -“-VP-=9, --4 ,. ., .
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$am

f

t3

L

o

1?

s

T

w

‘c

final

gaseousphase

Mquidphase

attimezero

particle

mainstream

total

wall

at time T

TKIKIRY

TheoreticalModelandPrel-nary Assumptions

Thesystemunderconsiderationisthatofanairstreamflowing
througha ductofconstantcross-sectionalarea.A boron-containingfuel
isaddedandtheresultantfuel-airmixtureburned.Gaseousboricoxide
isformedin theflamezone.Additionalairisaddedandcoolstheflow-
ingstresmtoa temperatruebelowthesaturationtemperatureofboric
tide. (Itisassmedthattheboricoxideconcentrationis suchthat
a negligibleamountofboricoxidevaporwillbe present.) Theboric
oxidemoleculescannowcollideandremaintogetherforminga discrete
liquidparticle.Theseliquidparticleswillcontinueto colMdeand
growIn sizeas a resultofthesecollisions.

Thefollowingassumptionsregardingthesystemaremade:

(1)Thereisa rangeofconditionsoverwhichthecollisionoftwo
ormoreliquidboricoxide
largerparticle(seerefs.

(2)Theparticlesare

(3)Theparticlesare
section.

psrticleswillresultintheformationof one
7and 8).

spherical.

evenlydistributedacrosstheductcross

(4)At anyonestationinthecombustor,theparticlediameterrange
is sufficientlynarrowsothatanaverageparticlediametermaybe chosen
thatexpressestheparticlediametertermtobe usedinthegowth eq~-
tion(seeref.9).

—.— . . —.—_ — —z
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(5)Theparticlemaybe treatedasa largegasmolecule.

(6)Theliquiddropletsaretreatedaspointparticles.

GeneralEquations

Assumethataparticleofdiameter4 -d velocity~ iSmov-
ingalonga ldnearpath. Themovingparticlenowpassesthrougha group
ofidenticalparticlesradomlydistributedandat rest. Themoving
l?=ticlewillcollidewithanyotherparticlewhosecenter11.eswithin
thedistance% ofthepathalongwhichittravels.~a~tof
time %, thedistancetheparticletravelsis UPZ.

Them.miberofcollisionsintime % is equalto thenumberofpar-
ticleswhosecentersliewithina cylinderofvolumeeqti to @upz.
If np isthenumiberM particlesperunitvolumeofgas,thenumberof
collisionsmadeby themovingparticleintime ~ is eqwl to 11.@Il&~.

b realityalltheparticlesaremovinginrandomdirectionswith
averagevelocity~. AccordingtoIoeb(ref.10),thevelocityofany

oneparticlerelativetoanotheris + %“ Therefore,thenumberofcol-

11.sionsperunitvolumeinunittime ~ is

andtherateofcollisions
.

dlic 4
—’V%%%d~

Assumption(1)statesthattheco~sion
suitintheformationofa singleparticleof

oftwo
volume

(1)

(2)

particleswillre-
equaltothesum— —

ofthevolumesoftheco~ding particles.Therefore,thegrowthrate
ofa particleC= be expressedas

Sincea collisionoftwoequal-sizeparticlesperunittimewoulddouble
theparticlevolume,ofthreeparticlestripleit,andsoforth,

IE-m’wqp...+-_
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Therefore,

Thenumberofparticlesper

>=$4%VP
unitvolumeis expressedas

%=> ‘Pv13

Substitutingequation(6)intoequation(5)yields

7

(5)

(6)

(7)

ThefindingsofsomeinvestigatorsofBrownianmotionarereviewed
inreference10. Theresultsshowedthatthetotalaverageenergyof
particlesundergoingBrownianmotionwasequalto themeanldneticen-
ergyofa gasmolecule.Intheapplicationnowunderconsideration,
theparticledlsmeteris lessthanthemeanfreepathofthesurround-
ingfluidmoleculesandtheparticlemotionwillmorecloselyapproach
puremolecularmotionthanBrownianmotion.Therefore,thekinetic
energyoftheparticleswi12be assmedtobe equalto thekineticen-
erw ofa gasmolecule,andtheparticleveloci~equaltotheveloci~
ofan idealgasmoleculeofcorrespondingmass. Reference10givesthe
velocityofan idealgasmoleculeas (ref.10)

(8)

Now

‘=W$ (9)

and

‘P
.+ @pL

Therefore,

(lo)

(n)

.—.— --——.—— __ __ ——
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Substitutingequation(n) intoequatiau(7)gives

()()L ~ 1/2
= 12.92— — (ll&xlo-12

‘g ‘L

Foranysetofinletconditions

Therefore,

Since,

then

[)()l/2k’ = 12.92~ ~ ~lo-12
‘g

~ . kt(%)1/2

1Y(D3‘3?=F p

Substitutingequation(16)intoequation(14)gives

-1/6~v
()

Sk, 6 1/6~=
‘P P z

Settinglimitsforintegration

(12)

(12a)
wCD
F

(13)

(14)

(15)

(16)

(17)

(18)

.——
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whichgives

9

Substituting+ @ for vp @eIds

Let

‘=(WY’W“
,=1.591k’

Thegeneralequationforthe@owth ofa particleis

where

(19)

(20]

(21)

(22)

(24)

and T iSin %, and PL ingramsyercubiccentimeter.

Thesimpleequationfortheprticlegrowthrateobtainedis Wgely
duetotheinitialassumptions.Theva13dityoftheseassumptionstill
nowbe examinedfortheconditionstreatedinthisinvestigation.These
conditionsaspreviouslystatedare

Fressure,atm.. . . . . . . . . . . . . . . . . . . . . . . .ltOl.5
Temperature,%.. . . . . . . . . . . . . . . . . . . . .1260t02260
Growthtime,millisec(secXIO-3). . . . . . . . . . . . . . 2.5to 30
SupercooMng,% . . . . . . . . . . . . . . . . . . . . .1800t02200

Theassumptionssubjecttomostquestionarenumbers(1),thecol-
lisionoftwoormoreliquidparticleswillresultintheformationofa
singlelargerparticle;and(4),a meandiametermaybe assignedand
willbetypicaloftheparticlediametersatanycombustorstaticm.

4- .-.——.—_____ ————. — .
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Inregardtoassumption(l),reference7 statesthat100-percent
collkioneffectivenessmy be expected.Theexperimentaldataofref-
erence8 alsoverifyassumption(1). Thechangeinparticlesizedue
to evaporationcausedbythesurfaceener~releasedupona collision
is discussedina followingsection.

b regardtoassumption(4)theparticledistributioncurvesof
reference9 showtht intheagbg ofsmokesnotmorethana 7-yercent
deviationfromtheaverageparticledismetercanbe expectedin turbu-
lentairforanygivensetofconditionsifaldprticleshavethesame
terminaldiameter.Thisprocessisverysimilartotheoneundercon-
siderationhere.Also,in thenozzlesof supersonicandhypersonicwind
tunnels,observations.ofcondensationofairandwatervaporhavebeen
mademd a verynarrowmnge ofparticlediametersatmy onestation
observed;however,therearenopublisheddatagivingexactvaluesof
particlediameters.Theseobservationsalongwiththeexperimentaldata
ofthisreport(givenina latersection)tendtovalidatethis
assumption.

ParticlesHavingBrownianMotionandIargeSurface12ner~

Whena liquidsurfaceisin contactwitha gas,a forceknownas
surfacetensiona isrequiredtomaintaintheliquidmoleculesat the
liquidsurface.Thetotalener~ E requiredtomaintainthisforce
fora givensurfacearea A is equalto aA.

Thesurfaceenergyof1 gramof ~ liquiddropswithsurfaceten-
sion u anduniformdiameter4 is

E =aAn’
PP

Since

and

(24)

(25) .

‘a
—
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TkLsquantityE is largeforparticlediametersapproachingthe
moleculardiameter,andequalsthebtentheatofvaporizationk (lloa
cal/gor1994Btu/lbforboricoxideatthenormalboilingpoint)for
singlemoleculeparticles.

ItLgure1 showsthepercentageofthektentheatofvaporization
containedinthesurfaceenergyofa givknweightcdliquidboricoxide
particlesofconstanttiameter(calculatedfraneq.(25)).

Whentwoparticlesa and b collideandforma newparticlec,
thesurfaceenergyreleasedis

(Ea+~)-Ec=M (26)

(27)

Forexample,if &=Ab andSticeVa+Vb’Vc, Dc= 21/3Da“ There-
fore,

m = (2- 22/3)A#

Thefractionoftheinitialsurfaceenergyreleased
oftwoparticlesofequaldiameteris

QE__ (2 - 22/3)
2Ea 2 = 0.206

(28)

upontheco~sion

(29)

Thequantityofheatgivenupupona colkkionoftwoparticlesas a
functionof-particlediameteris showninfigure2. Thisenergyunless
rejectedto thesurroundingswillraisethetemperatureoftheparticle.
Ifthetemperatureisraisedabovethesatura~ontemperature,evapora-
tionwi12reducethesizeofthecanbinedparticle.(SeeCCI?CLUDING
REMARKS.)

Assume1 poundofliqtidboricoxideparticles,each5X10-7centi-
meterindiameter.Ifeachparticlecollideswithanotherparticle,the
heatreleasediscalculatedasfollows:

Franfigure1,18percentof A isheldby surfaceforces.There-
fore,theheatreleaseis

0.18X1994X0.206= 72Btu

— ——— –—— _— . . --. —.—. — —
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andthetemperatureriseis

72
m= 339°R

(~ = 0.213Btu/(%)(lb)orcal/(°C)(g)fromref.2).

NAC!ARME55120a

Therateatwhichthisenergywillbe dissipatedtothesurround-
ingswillbe proportionalto thenmiberofcollisionstheprticlemakes
withgasmoleculesbeforeitcollldeswithanotherliquidparticleand
releasesmoreenergy.Fora pentabomneequivalenceratioof0.20at 1
atmospherepressureanda particlediameterof5X10-6centimeter,the
timebetweenliquidparticlecollisionsfrcmequation(22)is1.6W10-~
second.Thenuiberofcollisionstheoriginalparticlemakeswithgas
moleculesbeforecollidingwithanotherliquidparticleis 2.9X102.If
itisassumedthateachcolllti moleculecanestotemperatureequilib-
riumwiththeliquidparticle,thisnuuiberofcollisionsis sufficient
toreducethetemperatureoftheliquidparticleenoughsothatnegli-
gibleevaporationwouldoccur.Calculationsoftheforegoingtypein&l-
catethatwherethedegreeof supercooMngisat least700°R it isun-
necessaryto considersurfaceenergyatallandequation(22)maybe used
toexpresstheparticlegrowthrateinthere@on. E thesupercooling
is lessthan700°R, it ispossiblethatno condensationwilloccur;and
inanyevent,a stepwisesolutionofequation(22)inconjunctionwith

‘theresultofequation(29)mustbe usedto obtainparticle@owth rates.

Fromthismethodofcalculatingstepwiseparticlewowth,thetime
requiredfora particletogrowtoa diameterof 2.2X10-6centimeteris
lessthanlXIO-6secondfor1800°R supercooling.Thevalueof 2.2XL0-6
centimeteristheminimumdisneterwheresurfaceener~maybe neglected
as calculatedby themethcdofreference11. Growthtimesoftheorder
of lMO-6 secondareofinterestintheexpansionofboron-fuelcombus-
tionproductsthrougha nozzleathighcombustiontemperatures(above
3840°R unlessthecombustionpressureis geaterthan1.5atm,atwhich
pointtemperaturesas lowas 3460°R shouldbe considered).Therefore,
fortheconditionsunderstudyin thisreport(maximumtemperature,
2260°R) thetcbnerequiredforgrowthtoa dismeterof 2.2X10-6centi-
meterwillbe neglected.

i!
1-

InreferenceU ananalysisofthecondensationofwatervaporis
presented.Thetimerequiredfortheliquidwaterparticlesto growto
a diameterwheresurfaceforcesarenegligible(forwater,IX10-7cm)is
talc-ted tobe lessthanI.x10-6second,whichis similarto thevalue
calctitedforboricccdde.
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Thepreceding
thecaseif onlya

13

analysisassumedsphericalparticles,whichisnot
smaldnumberofmoleculesmakeupa singleparticle.

However,theeffectofprticlesofthistypeis comideredamaUbe-
causeoftheirshortlifeandwillbe neglected.

.ParticlesHavingNegligibleSurfacellner~

Inthed@neterrangewheresurfaceener~maybe neglected
(4> 2.2xlo-”/cm],equation(22)maybe used- - ‘- ‘-
growthdirectly.

to describetheparticle

EmERIMmTALAPwRfmJsAND

General

XmcEmRE

4-inchconnected-pipe
fromthelaboratorycentral

The~rimental workwasperformedina
facilitysuppliedwithmeteredccmibustionair
airsystem(fig.3). A perforatedplate(fig.4)blocked70percentof
thepipearea1/4inchupstreamoftheplaneoffueli@ectim. A high
pressuredrop(Ap/p= 0.27 atan inlet-airvelocityof175ft/see)
acrosstheperforatedplateservedtoachieverapid~g inthecom-
bustionzoneanda flattemperatureandvelocityprofile.Fuelwasin-
jectednormaltotheairflowfrcmthreepointsin eachof sixarmsex-
tendingthroughholesintheperforatedplate(seefigs.4 and5).
Ignitionwassuppliedbymeansofa sparkplug8 inchesdownstreamof
theperforatedplate.

The18-inch-longsectionofpipeimmediatelydownstreamoftheper-

( )
foratedplatewasreplacedwitha Lucitethe 4-in.I.D.by ~in. O.D.
forthreeprelimimrytests.Thepurposeofthesetestswasto deter-
minetemperatureandvelocityprofilesandto observevisuallyandphoto-
gra~ul-1.ythepen%boraneflame.Motionpicturesoftheflamewere
takenthroughtheLuciteat a cameraspeedof128frsmespersecondand
a lenssettingoff/lJ-.

Thefuelsystem(fig.6)wasdesignedforusewithboron,h@rides
andprovidedforremoteoperation,flushing,audcleaningoffuellines
andinjector.Aftereachrun,theinjectorwasinnuediatel.yflushedout
withheliumtopreventdecompositionofthepentaboranefuel. The11.nes
werethenflushedwithJP-4fueltoremoveexcesspentaborane,whichwas
followedbya 50percentmethanol- 50percentacetonemixbrethatre-
actedwithanyremdningpentaboranetoformnontoxicnoncombustible
products.FinallythelineswereagainflushedwithJP-4fueltoremove
alltracesoffuelorfuelresidue.Fuelflowwasmeasuredwitha
rotating-vane-typeflowmeterandrecordedona self-balancingstrip-
chartrecorder.

.—. –—



14

Temperature,
recordedat three

a->.------iiCON?IDENT_*-+.x<..4----
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staticpressure,andtotalpressureweremeasuredand
equitistsmtstationsbetweentheperforatedplateand

thesamplingprobe.Thesemeasurementswereusedto determinecombus-
tionefficienciesandtemperatureandvelocityprofiles.Catnbustionef-
ficiencieswerecmputedby themethodofreference12.

ParticleSamplingProbeandQuenchTechnique

A probeforcollectingandfreezingtheldquidboricoxidecombus-
tionproductwasplacedat oneofthreetistancesdownstreamoftheper-
foratedplate:36.5inches,53inches,or128.5inches.Theprobede-
tailiS showninfigure7. Liquidnitrogenwassupp~edfroma 100-liter
DewarflaskunderheliumpressureandinjectedthroughtheinnerwalLof
theprobeat a point3 inchesfromtheprobeinlet.Gaseousnitrogenwas
alsoinjectedat thispointandatmizedtheliquidnitrogen.Thequanti-
ty ofliqtidnitrogeninjectedwasnotmeasmed,butwassufficientto
dropthetemperatureofthecollectedstreamto 250°s00F. At thistem-
peraturetheboricdde intheexhauststreamisa solidandtheother
componentsgaseous.Temperaturemeasurementsshowedthatthequenching
ofthecollectedstreamwasvirtuallycompleteina maximumdistanceof
3 inchesafterinjectionofliquidnitrogen.

PsrticlecollectionSysta

A 2-inch-&hmeterrubberhosecarriedthecollectedstreamframthe
samplingprobetotheparticlecollector.An electronicparticlepre-
cipitator(seefig.3)wasusedtoremovethesolidparticlesfrm the
gasstream.Accordingtothemanufacturer’sspecificationsthecollec-
tionefficiencyoftheparticleprecipitatoris 87percentforparticles
lXIO-5centimeterin diameter,and99percentforparticles9X10-5cen-
timeterin diameter.

The collectionmediumwasl/16-inchFiberglasmatting,andwasre-
placedaftereachrun. Figure8 showstheappearanceofthelZLberglas
matwithitsmountingframeaftera @ical run. Thecollectedstream
withsolidparticlesremovedwasthenreturnedtothemaincombustion
gasstream.A butterf3yvalvelocatedin thereturnlinewasusedto
controlthestreamvelocityenteringtheprobe.

GeneralDescriptionof~ical Test

Beforeeachtestthefilterwasloadedwithnewco~ectionmedia,
thefuel-systempressurecheckedandflushedwithhelium,andtheliquid
nitrogenlineshookedup. Afterairflowandinlet-airtemperaturewere

Scd-.......‘-: :-,*.- .,

ONF ,, ;
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established,theliquid-nitrogenflaskwaspressurizedand3 minutes
allowedforthellquidnitrogenkinesto cool.Thefuelbottlewas
pressurizedandthefuelthrottlesetto givethedesiredfuel-air
ratio.Thefuelwasturnedonandoncea flamewasestablished(as
evidencedby totalpressureandtemperaturerise)5 secondswereallowed
forinstrumentsto cometo equilibrium.Theinstrumentrecorderswere
thenturnedonandafter12 seconds(oneinstrumentcycle)thefuelwas
turnedoffandtheMnes purgedas describedearlier.

ParticleAnalysis

TheFiberglasmatwasremovedfrantheparticleprecipitatoranda
smallportionwashedwithn-heptane(C53U) to removetheboricoxide
particles.Boricoxideisinsolublein~-heptene.A portionofthe
resultingsuspensionofboricoxideparticlesin~-heptanewasdeposited
onelectronmicroscopegrids.The~-heptanewasevaporated,leavingthe
boricoxideparticles.A minimumofthreeelectron-photomicrographswas
takenof s~les frcmeachrm. Examplesoftheelectron-photcmicrographs
areshowninfigure9. Themagnificationoftheelectronmicroscopewas
calibratedandthesizeofeachparticleinthephotographsmeasured.
Approximately50particlesweremeasuredforeachrun. ltromthesemeas-
urementsanaverageparticlediameterwasdeterminedby plottingob-
serveddiameteragainstpercentageoftotalnumberofparticleshaving
thatdiameter(seefig.10). Theparticlea=lcmeratesshownwereformed
intheparticleprecipitatorandtheheptaesuspension.Carefulvisual
observationofthea&@meratesundertheelectronmicroscopeshowedthey
weremadeup ofa nuniberofsmallerparticlesafappr-tely spherical
shape,someofwhichareoutlinedinfigure11. Ilftymeasuranentswere
consideredsufficientfortheanalysisbecauseoftheverynarrowrange
of sizesencountered.Theprobableerrorinaverageparticlediameter
wascalcuhtedtobe@.4 percentforrun6,whichgavethelargest
spreadofmeasuredparticlediameters.Theerrorinactualmeasurement
oftheparticlediameters

calculation

Theflamelengthwas

waswithin* percent.

ofL&quidParticleResidenceTime

determinedby temperaturemeasurementsand
photo~phy. Itw& assumedthatthepentaboraneentersthecmbustor
as a vaporizingliquiddropletsurroundedby airandburnsnearthe
stoichiometricflametemperature.Theboric@de thusformedis in
thevaporstateandis latercondensedby therapidmixingwithaddi-
tionalair. Thepointwherethecondensationoftheboricoxideoccurs

——— .—z ___ — —. — -— .—— — . .
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wasassumedto coincidewiththepointwheretheflamebecomesnon-
luminous● Withtheseassumptionsthetimeavailableforparticlegrowth
% canbe expressedby

(30)

where 2= isthedistancefromtheperfomtedplatetotheliquidnitro-
g~ qu~Ch S@ti~; ZF isthephotographicallydeterminedflamelength;
and Us is themeanstreamvelociw. b sometests,thephotogzaphical-
Iydeterminedflamelengthwascomparedwiththevaluesindicatedby
thermocouplemeasurements.

Theexperimenlxd

RangeofExperimentalI&q

programcovereda pentaboraneequivalence-ratio
(actualfuel-airratiodividedby stoichiometricfuel-airratio)range
& 0.074to 0.22anda couibustor-static-pressurerangeof1 to 1.4at-
mospheres.Theinlet-airtemperaturewasheldconstantat 580°R and
theinlet-airvelocityvariedfrom130to 250feetpersecond.The
totalthe availableforparticle@nmrthvariedfran2.5to 30milll3-
seconds.

RESULTS

ComparisonofFlameLengthsDeterminedfrom

PhotographsandfromThermocouples

I?romthephotographicstudiesmadewiththereplaceableLucitetube,
a flamelengthof 16to 18incheswasobservedoveran equivalence-ratio
rangeof0.10to 0.24. Theuseofvisibleflamelengthasa criterion
fordetermi~nthelengthofthecmbustionzonewaspartiallycon-
firmedbymakingthermocouplemeasurementsduringrepresentativeruns.
Forexample,inpreliminarytest2 thetemperaturewas1800°F 22inches
downstreamofthefuelinjectorwhilea thermocouple16inchesdown-
streamofthefuelinjectorwasburnedoff,whichinticatesthatthe
combustionreactionhadnotbeencampletedat thatpoint.A flamelength
of18incheswasobservedfrommotionpictures.Therefore,whenusing
equa,tion(35)fordeterminingtimeavailableforparticlegrowth,a value
of18incheswasusedfor ‘F“ A photographofthepentaboraneflamein

theLucitesectionis shownin figureH.
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CombustionE&ficiency

A cmbustionefficiencyof100percentwasachievedduringeachti
thetests.Alsoa chemicalanalysisofthecollectedssmplesshowed
themtobe 100

IYgure12

percentboricoxide.

TemperatureandVelocityProfile

showsthetemperatureandvelocityprofilesforrun2,
whichwas~ical foreachoftheruns. Foranyonerunthemaximum
temperature-profilespreadfromthemeantemperaturewas5 percentor
less,andtfiemaximumvelocityprofilespreadfromthemeanvelocity10
percentorlessat a station22inchesdownstreamoftheperforated
plate.Thehighestveloci~occurredabout1/2inchfrcmthecenter
andwasdueto thepenetrationofthejetsthroughtheholesin tie
perforatedpkte. TheseJetsdecayedveryrapidlyfromthispointon,
andwerenotnoticeableata point30inchesdownstreamofthefuel
injector.

ParticleSizeandGrowthRate

A sumnaryoftheexperimentaldataappearsin table1.

Overtheentirerangeofexpertientalconditionscovered,themeas-
uredaverageparticlediametersfel.1between1.10X10-5and1.4&10-5
centimeter,andtheparticleswereverynearlysphericalin shape.The
experimentallymeasuredparticlediametersareshownplottedagainst
particlediametercalculatedfromequation(22)forthesameconditions
andresidencetimeinfigure13. Theave=gedeviationofthemeasured
diameterfromthecalculateddiameterwas27percent,whichgivesa
probableerrorof~. 1 yercent.Ifthesignofthedeviationis taken
intoaccount(geateror lessthsntheoretical),thearithmeticaverage
deviationis 16.4percent.

ParticleSizeinTurbojetCombustor

Theperforated-plate-typecmihstorsmdccmnectedpipeusedinthe
experimentalworkverycloselyapproximatea ram-jet-typecombustor;
therefore,theexperimentalresultsareveryeasilyappliedtoram-jet
calculations● Toverifytheexperimentalresultsforuseonturbojet
applications,a singlerunwasmadewiththesamplingprobeat theout-
letoftheJ47tubularcombustorreportedinreference6. Pentaborane
fuelwasburnedatan equivalenceratioof0.176.Thereferenceveloc-
itywas103feetpersecondandtheinlet-airtemperature580°R. The
boronoxideparticlesizewas1.23x10-5centimeter.Thisdiameter
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correspondsto
residencetime

a residencetimeofabout7milliseconds.Theexact
ina tubularcmbustorisunhewn,but7milJ&secondsis

a reasonablevalue.

DISCUSSIONANDAI?PLICAKCONOFRESUL!E

General

Itappearsfrm boththetheoreticalad experimentaldatathatthe ~W
liquidboricaide particlesfoundinthecombustionproductsofa jet P

me b~ a bor~-c~~ fielwow very=Pidlytoa diameter
ofabout1.0x10-5centimeter.W thenormaljet-engineresidencetime,
theparticleswouldneverexceeda diameterofabout2.0X10-5centimeter
unlessallowedto contacta surfacewherelargerparticleswouldbe torn
frmutheresultantfilm. Thisis illustratedinfigures14and15.

Theexperimentaldatadonotconstitutean extremelycriticaltest
ofthetheory.Therathernarrowrangeofparticlediametersencountered
probablyaccountsforthegooddatacorrelationobtained.Difficulties
encounteredinmakingaccurate~icle-size measurementsprobablyac-
countforsomeofthedeviationoftheexperimentalresultsfromthe
theory.However,equation(22)willgiveagreementwithin*5 percent
withthe~eri.mentilresultswhencalculatingliquidboricoxidepar-
ticlediameters.

that

felt

Theverynarrowrangeofparticlesizesencounteredmightindicate
condensationoccurredin thecollectionprobe.However,itwas
thatthiswasnotthecaseforthefollowingreasons:

(1)1~ Percentcombustionefficiencywasmeasuredfrcmthetemper-
atureriseacrosstheconkmstor.Becauseofthehighheatofvaporiza-
tionofboric@de, thetemperaturerisewouldhavebeenabout18per-
centlessiftheboricotidehadnotbeenin theliquidstate.

(2)Thedegreeof supercoolingwassufficientformpid condensation
to occur~edlatelydownstreamoftheflamezone.

(3)Theveryshorttimeavailableforparticlegrowthallowedafter
injectionoftheliquidnitrogen(beforefusionoccurred)wouldmakeit
veryunMkelythattheparticleswouldgrowtothediametersencountered.

It isfortunate,franthestandpointof over-allengineefficiency,
thattheparticlediametersareinthesizerangeoflXIO-5to 1.5X10-5
centimeter.Theseparticlediametersarelargeenoughsothatthesur-
faceener~is onlyabout1 percentorlessofthelatentheatofvapor-
izationandyetSE&L enoughthatthedragcoefficientsandheat-transfer
coefficientsbasedontheparticlediameterareessentiallyinfinite.

-..---,--_zA._
h~

-~ ..:
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PerformanceCalculations

By usingequation(22),a boricoxideparticlediametermaybe cal-
culatedforconditionsintherangeofinterest.Thisequationis ex-
pressedingeneralterms,andmaybe usedregardlessofthefuelused
(boron-hydrogenorboron-carbon-hydrogen).Thiswin makeanalytical
evaluationsofdragforcesactingontheparticleandheat-transfer
ratestoandfrcuntheparticles(ref.1)possible.Thesecalculations,
inturn,willmakemoreaccurateanalyticaldeterminationsofperformance
parametersattainableforallboron-containingfuels.

OxideDepositiononEngineSurfaces

l?ramtheexperimentallydeterminedparticletismetersitappears
likelythatmostoftheboricoxidefoundonenginesurfacesisdepos-
itedbyparticlediffusion,orat leastmy be treatedas a diffusional
process.Therateofdiffusionofa substancetoa surfacemaybe ex-
pressed,ingeneral,by Fick’s

where K isa functionofthe
molecular).

law(ref.13)

(31)

typeofdiffusionoccurring(turbulentor

Integrationofequation(31)fromO to Z andfrom Cs to Cw gives

(Cs- Cw)
m= K lA

(32)

Assumethatallparticlescomingin contactwitha wallremainon
thewall,aswouldbe thecasewithviscousliquiddroplets.Therefore,
theconcentrationofparticlesinthegasadjacentto thewalJwillap-
proachzero.Equation(32)becomes

Cs-o C&
m= K~A=K~ (33)

Theparticleconcentrationin themaingasstreamCs isfinite
andessentiallyconstantacrossanyflow-channelcrosssection.A steep
concentrationgratientmustthenexistacrossa thingasfilmadjacent
tothewall,whichisthediffusionboundarylayer.

Theflowpatternofgasesina jet-enginecombustoris extremely
ccmplexandnotwellenoughdeftiedtopermita calculationof thetif-
fusionboundary-layerthickness5. Also,thediffusionmechanismis

—— .- — ——— - -- --———.—
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notdefined,and,consequently,K isun?mown.Thesimplestmethodof
accuratelydetermining5 and K wouldbe experimentallyoncarefully
controlledsurfacesina ccmbustor.Once 5 and K arelmownjdeposi-
tionratesonenginesurfacesmaybe calculatedfromequation(33)by
substitutingb for 2 andthecorrectvalueof K.

Inviewofthesmallparticlesizes,it isnowpossibleto suggest
somemethodsthatmighteliminateorat leastreduceenginedeposits.

It is seenfromequation(33)thattherateofdepositionona sur-
facewillbe inverselyproportionalto 8. lhcreasing5 severaltimes
woulddecreasethedepositionrateby a likeamount.Thisincreasein tif-
fusionboundary-layerthiclmessmaybe accomplishedby severalmethods:
(1)introducinganairfilmalongthesurfaceonwhichdepositionis oc-
curring;(2)coolingthisairfilmtofreezetheparticlesbeforetheyhit
thewallsothattheymightbe easilysweptoff;or (3)introducinga
mechanicaldevicethatwouldinduceboundary-layergrowth.

Theeffectofa cold-airfilmondepositionratesis illustratedwhen
theconventionalcombustor-Mnerdepositionratesofreferences14and15
arecmp.redwiththedepositionrateontheexperimentalwire-clothcom-
bustorlinerofreference16. Thiscomparisonis showninfigure16.
Thewireclothalloweda continuousflowofsecondarycombustionairwhich
filmedthelinersurface,reducingboricoxidedeposits100times.

Forparticlesformedby thegrowthprocessdiscussedherein,thereis
Mttlepossibilityofanyparticlein thegasstreambeinglargeenoughto
contacta surfacebecauseofitsowninertia.Thiscouldconceivablyoc-
cur,however,ifparticlesofLargersizewereformedby someothermeans.
Oneprobablesourceoflargerprticlesisasfollows:Withimproper
fuel-inJectordesignsomefuelis spzayedtirectlyontothewallsofthe
combustor.Thisresultsinfilmsofmoltenboricoxide(whichmightalso
be depositedby diffusion)onthewalls.As thesefilmsflowpastsharp
cornersorair-entryports,largeparticlesaretornfromthefilm. To
eliminateparticlesofthist~e, caremustbe takeninthedesignofen-
ginecomponentsto eliminatesurfacesthatmightgeneratefilmsofmolten
boricoxide.

CONCLUDINGREMARKS

Thecalculationswhichresultedin figures1 and2 werebasedonthe
assumptionsthatthesurfacetensionoftheinfiniteliquidisvalidwhen
appliedto smallliquidprticlesmadeup ofa veryfewmolecules,and
thattheseparticlesaresphericalin shape.Bothoftheseassumptions
aredifficulttojustify,butweremadeforlackofanythingbetter.ccl-
sequently,theerrorinvolvedinusingfigures1 and2 isprobablylarge.
However,thesefiguresinticatea trendandareprobablywithinan order
ofmagnitudeoftheactualvalues.

LewisFlightFtropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,-
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AE’ENDn- G V~Vg FORmMETHODOFCAWULMTN

FUELCONTKRWNGBORON,CARBON,ANDHYDRWEN

AT COMBUSTIONTEMPERATURES BELOW2500°F

Calculationof v~vg

With1 poundofinletairas a basis,theto~l wei@t ofoxygen
usedby a combustionreactionat thestoichiometricfuel-airratio(f/a)*
iS0.2329pound.An oxygenbalanceforthecombustionofa fuelcon-
tainingboron,carbon,andwdrogen@ves thefo~o~w equation:

Substitutingthecorrectvaluesfor

[1xH2(f/a)
X32.00+

%2
X–$32.00

(Al)

ularweightsofboron,carbon,md ~tiog~, resPective~)~d SOl-
for(f/a)*gives

.

()

f* 1 (A2)
z = 9.552XB +U.44 Xc + 34.07xH2

whichgivesthestoicbiometricfuel-airratioasa functionofthe—
weightfractionofboron,
xH2)●

Equivalenceratio ~

Thetotalmolarflow

carbon,andhydrogen

isdefinedas

(f/a)actual
9 = (f/a)*

of exhaustgasesper

lected)

%,T =

(A3)

poundofinletair ~,T
stateandwillbe neg-

&y be expressedby

() o0.02737+ 0.02272;(~) + 0.0550~(XH2)+ (1-~)(O.oo7278)

(A4)

——.—— ——— ——.— –—— — —
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If
??~are

thecmbustiontempemtureTc andcombustionstaticpressure
tiown,thevolumetricflowoftheexhaustgasesVg perpound

ofinletaircanbe calculated,using

(M)

The volume of liquidin theexhaustgases vL perpoundoftilet
airis calculatedfrom

()()f%
‘L = 3.218– —

a ~L
(A6)

Thevalueof PL (densityofboficoxide,glass)istakenfrm figure17.

?romequations(A5) and(A6),thevolumeconcentrationofboronox-
ide v~vg is easilycalculatedforanyboron-carbon-hydrogenfuel.
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‘lYiELEI.-~lllTAEASEDON1 GRAMOFIKLETAIRPER8ECOND

Fuel Inlet-airEquiv-Combus- CouibustionWeight Volume
flow,referencealencetion pressure,flow flow
g/seevelocity,ratio,temper- Pj ofboricofboric

ft/sec 9 ature, atm oxide, oxide,
T, g/i3ec vu
OR cc~sec

1 0.01305 134 0.17081850 10046 3.60D(10-22.345X1O-2
2 .01561 142 .20432188 1.026 4.308 2.837
3 .008389250 .10981495 1.042 2.315 1.476
4 .007938132 .10381448 1.058 2.191 1.393
5 .005661183 .07411200 1.233 1.562 .9842
6 .008198200 .10731478 1.303 2.263 1.441
7 .01065 175 .13491721 1.419 2.939 1.892
8 .01075 179 .14071732 1.416 2.967 1.91d
9 .01040 161 .13611700 1.169 2.870 1.846
10 .01233 188 .16141881 1.188 3.403 2.208
u .009947184 .13021655 1.128 2.745 1.761
12 .01683 160 .22032299 1.138 4.645 3.076

m Particle Total Final co@us-BoricOX- Experi-Distance
tiameter growth particletor idevolumementalfrom
calculatedtime, diameter,*t concentra-% perforated
fromequa- =) 4,T~ veloc- tion, “plateto
tion(22) sec ity, v/v, calcu-

cm Lg lated quench
%> station,cc/cc
ft/sec 4 in.

1 1.025X10-56.373X10-31.17X1O-5458 9.650x10-6i.141 53
2 1.005 5.384 1.37 541 10.23 1.363
3 .842 5.763 1.20 506 7.704 1.425 I
4 1.620 30.12 1.32 506 7.567 .815 128.5
5 1.480 24.57 1.46 375 7.130 .986
6 1.223 21.09 1.42 436 9.518 1.161
7 1.800 22.71 1.15 405 11o91 .639
8 1.741 20.54 1.1o 448 11.93 .632
9 1.528 19.06 1.25 483 9.516 .821
0 1.522 16.00 1.35 576 10.63 .887
1 1.458 17.94 1.16 513 9.054 .796
2 .790 2.493 1.37 618 U.75 1.730 36.5

4--.._,. -._,-.+ -
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Figure7.-Detailofsamplingprobe.
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Figure8. - Fiberglescollectionmedieeftertypicelrun(run9).
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